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CHAPTER 1: INTRODUCTION

Heavy metal contamination of water is a pressing environmental and public health issue, especially in agricultural
contexts. Agricultural activities are a known source of heavy metals entering water systems through the use of fertilizers,
pesticides, manure, sewage sludge, and contaminated irrigation water[1]. Many heavy metals are persistent (non-
degradable) and tend to accumulate in ecosystems and along the food chain, posing long-term risks to soil health, aquatic
life, and human consumers[2][3]. For instance, elements like arsenic (As), cadmium (Cd), lead (Pb), and mercury (Hg)
have no beneficial role in plant or animal biology but can enter farmlands via agrochemicals or industrial pollution,
ultimately leaching into runoff and groundwater[4]. Over time, these toxic metals can build up in crops or sediments and
eventually make their way into drinking water sources or the food supply. This bioaccumulation and biomagnification
of heavy metals means that even low concentrations in water can concentrate to dangerous levels in plant or animal tissues,
affecting entire food webs[5][6]. Communities relying on affected water or produce may face serious health hazards.
Heavy metals are well-known for their adverse health effects on humans and animals. Even at trace concentrations, many
heavy metal ions are toxic and can impair vital biological processes. For example, heavy metal exposure is linked to
gastrointestinal disorders, kidney damage, neurological diseases, and developmental issues in children[7][8]. Toxic metals
like Pb?* and Hg?" can bind to enzymes or DNA, generating reactive oxygen species and causing cellular damage[8].
Long-term intake of such metals (e.g. through contaminated water or crops) has been associated with chronic conditions
including cancer, organ failure, and cognitive impairments[8]. The severity of health impact has prompted strict regulatory
standards for heavy metal levels in water and food. For instance, drinking water guidelines in many jurisdictions now limit
Pb?" to single-digit parts-per-billion levels[9]. Exceeding these limits triggers concern for public safety and requires
immediate remedial action.

In the context of agriculture, heavy metal pollution is especially problematic because it not only affects environmental
quality but also threatens food security. Polluted runoff from farmlands can carry metals into streams and rivers,
contaminating irrigation sources downstream. Crops grown in metal-contaminated soil or watered with tainted runoff may
accumulate these metals in edible parts, ultimately endangering consumers. Recent studies have highlighted that irrigation
with wastewater or heavy metal-laden water leads to significant metal uptake in vegetables and cereals, underscoring the
need for monitoring and mitigation[10][11]. In short, heavy metals in agricultural runoff represent a dual hazard:
they degrade natural ecosystems and enter the human food chain, causing health risks. This dual threat underlines the
importance of monitoring heavy metal levels in agricultural environments and taking prompt action when contamination
is detected.

Need for Real-Time Detection and Limitations of Conventional Methods

Effective management of heavy metal pollution in agriculture hinges on timely and accurate detection of these
contaminants in water and soil. Traditional laboratory-based analytical methods for heavy metal detection—such as atomic
absorption spectroscopy (AAS), inductively coupled plasma optical/emission spectroscopy (ICP-OES/AES), and
inductively coupled plasma mass spectrometry (ICP-MS)—are highly sensitive and capable of multi-element
analysis[12][13]. Regulatory agencies have long relied on such techniques to assess water quality and enforce safety
standards[13]. However, these conventional methods suffer from significant drawbacks when it comes to field
deployment and real-time monitoring. They typically require expensive, bulky instrumentation and well-equipped
laboratories, as well as trained personnel to perform sample preparation and operate the equipment[14][15]. Samples often
must be collected on-site and then transported to labs for analysis, introducing delays of days to weeks before results are
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obtained. In dynamic environments like agricultural runoff, where contaminant levels can fluctuate rapidly during events
such as heavy rain or irrigation cycles, such delayed feedback is far from ideal.

Another limitation of centralized lab testing is the low sampling frequency and coverage. Resource constraints mean that
water samples might be analyzed only periodically (e.g. monthly or seasonally) at a limited number of locations. Sporadic
testing risks missing short-term spikes in heavy metal concentration that could nonetheless cause harm. For example, a
runoff event might briefly carry a high load of lead or cadmium after fertilizer application or a pollution accident, but if
no sample coincides with that event, stakeholders remain unaware of the acute risk. In-situ and continuous monitoring
is therefore highly desirable to catch transient contamination episodes and enable rapid response (such as halting use of
contaminated water, issuing health advisories, or activating treatment systems).

The shortcomings of conventional methods in providing on-site, real-time data have motivated the search for portable
sensor solutions. As noted by Hu et al. (2023), standard heavy metal analysis techniques not only involve complex, time-
consuming procedures but also “cannot be widely used in the field for real-time and rapid detection. ’[3][16] There is an
urgent need for sensor systems that are portable, fast, and easy-to-use while still maintaining high sensitivity and
selectivity[3][17]. The ideal solution would allow farmers, environmental agencies, or community members to
immediately measure heavy metal levels in a water sample on-site—much like using a handheld meter—without waiting
for laboratory results. This need is amplified by increasing regulatory stringency and public awareness. For instance,
recent updates to the European Drinking Water Directive cut the allowable Pb?* concentration in half (from 10 pg/L down
to 5 pg/L)[18][19], demanding more rigorous monitoring capabilities at the local level. In response to such pressures,
researchers and engineers are developing new generations of field-deployable sensors to empower stakeholders with on-
demand information about water quality[20].

In summary, conventional heavy metal detection is high-accuracy but impractical for field use, driving the push
towards portable and real-time sensing platforms. The next sections discuss the advances in sensor technologies—
particularly electrochemical and optical (spectroscopic) methods—that are making it possible to achieve lab-quality
detection in the field.

Advances in Portable Heavy Metal Sensor Technologies

Significant progress in sensor technology over the past decade has opened the door to portable devices capable of detecting
trace heavy metals on-site. Broadly, two categories of sensing principles have dominated these efforts: electrochemical
sensors and optical (spectroscopic) sensors[21]. Both approaches can offer high sensitivity and specificity, but they
employ different mechanisms to transduce the presence of heavy metal ions into a measurable signal. Many modern
devices even combine elements of both, alongside microelectronics for signal processing and wireless communication, to
achieve a high degree of integration and functionality in the field[22][23]. Below, we review each category and highlight
representative developments in portable heavy metal sensing.

Electrochemical Sensors

Electrochemical sensors detect heavy metals by translating a chemical interaction (such as metal ions binding to an
electrode surface or participating in a redox reaction) into an electrical signal (current, voltage, or impedance change). In
a typical electrochemical heavy metal sensor, the water sample itself becomes part of an electrochemical cell: a working
electrode (often modified with a material that binds or reacts with the target metal) is immersed in the sample, along with
a reference electrode and counter electrode[24]. When a specific voltage or potential sequence is applied, target metal ions
in the sample undergo a reaction (for example, reduction to elemental metal and deposition on the electrode, or oxidation
if already in elemental form) that generates a measurable current. The magnitude of this current or the electrical parameters
of the cell change in proportion to the concentration of the target metal[24]. By calibrating the sensor response against
known standards, one can quantify the heavy metal level in the sample.

Electrochemical sensing offers several key advantages for field deployment. The instrumentation can be made quite simple
and compact — essentially a small electronic potentiostat/reader and a set of electrodes — which lends itself to portable and
even battery-powered designs[25]. The response is usually rapid (measured in seconds to minutes), enabling near real-
time analysis. Moreover, electrochemical sensors can achieve excellent sensitivity (down to parts-per-billion levels for
many metals) thanks to techniques like anodic stripping voltammetry (ASV), which pre-concentrates metal ions onto
the electrode before the measurement step. Multiple metals can sometimes be detected simultaneously by analyzing peaks
at different voltages in a voltammetry scan.

Recent research has produced a variety of portable electrochemical heavy metal sensors, often leveraging nanomaterials
and microfabrication to improve performance. For example, screen-printed electrodes (SPEs) — disposable electrodes
printed with conductive ink — are widely used as low-cost sensing elements that can be deployed in the field without
cleaning between samples[25]. One study by Li et al. (2021) developed a handheld differential pulse voltammetry (DPV)
instrument with a six-electrode array integrated into a disposable plastic chip[26]. This device could detect trace heavy
metals like Pb, Hg, Cu, and Zn on-site by simply drawing a water sample into the pipette-based electrode chip[26].
Impressively, the detection limits achieved were on the order of 2—15 ng/mL (approximately 2—15 ppb) for those metals
(e.g. ~2.2 ng/mL for Pb*), which is sufficient to meet stringent drinking water standards[27]. Such performance
demonstrates that portable electrochemical sensors can rival laboratory methods in sensitivity.

Another notable development is the use of fiber-based electrodes and nanomaterials to enhance sensitivity and enable
multiplexed detection. Lahari et al. (2025) reported an electrochemical sensor using gold nanoparticle-modified carbon
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fiber threads, capable of simultaneously measuring Cd**, Pb**, Cu**, and Hg?" in water via DPV[28]. By incorporating
nanostructured gold on the electrode surface, they improved the detection of multiple metals in parallel, each producing a
distinct voltammetric peak. The sensor exhibited detection limits below 1 uM (sub-ppb range) for several metals and was
validated on real water samples[28][29]. The authors further integrated this sensor with a wireless module and a cloud-
connected data analysis system (including a deep learning algorithm) to classify metal contaminants automatically[30].
This work exemplifies how IoT (Internet of Things) and machine learning can augment electrochemical sensors, turning
them into smart devices that not only measure but also interpret data on the fly.
Despite many successes, electrochemical sensors can face challenges such as electrode fouling (especially in dirty or high-
organic content samples like agricultural runoff), interference from other electro-active species, and the need for
calibration to maintain accuracy over time[31]. Researchers are addressing these issues by developing antifouling
coatings, selective sensing materials (e.g. ion-imprinted polymers and biomolecular receptors), and robust calibration
algorithms. Overall, electrochemical sensing is a promising route for field-based heavy metal detection due to its
combination of sensitivity, relatively simple hardware, and amenability to miniaturization.
Optical and Spectroscopic Sensors
Optical (or spectroscopic) sensors use light to detect heavy metals, relying on changes in optical signals caused by the
presence of target metal ions. These changes can manifest in various ways—color changes, fluorescence emission, light
absorption at specific wavelengths, Raman scattering, etc.—depending on the sensing mechanism[21][32]. A common
strategy is to use a chemical reagent or nanomaterial that reacts with the metal ion and produces a colorimetric change
(visible color shift) or a change in fluorescence intensity. By measuring the intensity or spectrum of light from the reaction,
one can infer the metal concentration. Optical sensors are attractive for field use because they often require minimal
sample preparation (just mixing the sample with a reagent) and can be observed with simple instruments or even the naked
eye.
Several types of portable optical heavy metal sensors have been developed:
e Colorimetric test kits and strips: These are perhaps the simplest form of optical sensors, where a reagent (often on
a paper strip or in a small vial) changes color in presence of a specific metal. For example, commercially available kits
use reagents that turn a distinct color when exposed to lead or arsenic. While easy to use, traditional kits typically provide
semi-quantitative results (estimating concentration by comparing color intensity to a chart) and rely on human visual
interpretation, which can be subjective[31]. To address this, researchers have started integrating colorimetric assays with
smartphone-based readers. A smartphone camera, combined with a dedicated app, can act as a low-cost
spectrophotometer: it captures the color of the test strip or solution and computes the metal concentration by analyzing
the color channels or intensity[15][33]. Sajed (2019), for instance, demonstrated a DNA-aptamer conjugated gold
nanoparticle assay for Hg?" that produces a color change, with the smartphone camera quantifying mercury levels down
to a few ppb[34]. Such smartphone-based colorimetric sensors leverage the ubiquity and computing power of phones
to make field tests more reliable and quantitative.
o Fluorescence-based sensors: Fluorescent chemical probes or nanosensors offer high sensitivity for detecting metals
like Hg?*, Cu?, and Fe*". A portable fluorescence sensor typically includes a light source (often an LED in the UV or
visible range) to excite the fluorescent probe and a photodetector or simple spectrometer to measure the emitted light. Gil
et al. (2020) designed a fiber-optic fluorimeter for mercury detection in water, using a thodamine-based chemical that
fluoresces strongly upon binding Hg?[35]. The device, built with a LED excitation source and a CCD detector, achieved
ng/mL level sensitivity for Hg?*[35][36]. Another group (Li et al., 2021) built a portable fluorimeter with three channels
of quantum dot probes, enabling the simultaneous detection of Hg?*, Fe**, and Cu?* by measuring fluorescence quenching
in each channel[37]. The entire system was battery-powered and interfaced with a smartphone for data acquisition,
demonstrating the feasibility of multi-metal fluorescence sensing in the field[38].
e Raman and plasmonic sensors: More advanced optical techniques like Surface-Enhanced Raman Scattering (SERS)
and localized surface plasmon resonance (LSPR) have also been miniaturized for heavy metal detection[39]. SERS-based
sensors use nanostructured substrates (often gold or silver nanoparticles) that amplify Raman signals of molecules. By
functionalizing such substrates with molecules that capture heavy metal ions, one can generate a Raman spectral signature
indicative of the metal. Portable Raman spectrometers now exist, and research has shown they can be used on-site with
SERS kits for detecting metals like arsenic or lead at trace levels[21][32]. LSPR sensors, on the other hand, involve
measuring changes in the optical absorption of noble metal nanoparticles upon analyte binding — essentially a colorimetric
method but measured more precisely with optics. Portable LSPR devices (some integrated with smartphone cameras or
small photodiodes) have been reported for detecting Hg?>" and Pb** by observing shifts in the absorbance wavelength of
gold nanoparticle solutions upon metal binding[21][39].
e Spectrometric devices for multiple optical modes: One creative example of a portable spectroscopic system is an
ultra-portable spectrometer developed by Srivastava and Sharma (2021), which integrates several optical measurement
capabilities in a single handheld unit[40][41]. Their device uses a white LED light source and a micro spectrometer sensor
(AS7262) to record the visible spectrum of a water sample after adding colorimetric reagents[42]. It was designed to
measure multiple parameters by analyzing absorbance at various wavelengths and could interface with an Android
smartphone for operation and data logging[43]. The system also included wireless data transmission (using a low-power
sub-GHz module) and GPS-based location tagging, automatically uploading test results to a cloud database for mapping
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contamination hotspots[44][45]. In validation tests, the portable spectrometer accurately measured copper and iron levels
in local water samples, with results closely matching those from a standard laboratory instrument[46]. This example
highlights how modern portable sensors can incorporate multiple optical techniques and automation (data logging,
geolocation, wireless upload) to greatly facilitate field monitoring.

Through these examples, we see that optical methods provide a rich toolbox for heavy metal sensing in the field. They
often benefit from the inherent selectivity of chemical reagents (e.g. an indicator dye that reacts only with a specific metal)
and can achieve very low detection limits by sensitive photometric measurements. Additionally, optical sensors generally
have the advantage of minimal sample contact — since measurements are based on light, the sensor probe or instrument
does not necessarily touch the water directly, reducing the risk of sensor fouling or contamination carry-over[39]. This
makes them attractive for use in complex matrices like agricultural runoff, which may contain suspended solids or organic
matter.

However, purely optical approaches can have downsides too. They may require careful calibration and can be affected by
the color or turbidity of the sample (for instance, muddy water might interfere with colorimetric readings). They also
typically focus on one metal at a time unless a more complex multi-channel design is used. Furthermore, field use of
optical sensors demands robustness against varying lighting conditions and temperatures. This is where the integration of
electronics and software (such as using a controlled light source and smartphone image analysis) is crucial to maintain
reliability in real-world conditions[47][31].

Towards a Hybrid Electrochemical—Spectroscopic Sensing Platform

Given the complementary strengths of electrochemical and optical techniques, a compelling approach is to combine both
methods into a single hybrid sensing platform. The central idea of a hybrid electrochemical-spectroscopic sensor is to
exploit the unique advantages of each detection mode on the same sample, thereby improving overall accuracy, range of
detectable metals, and resistance to interference. In such a platform, an electrochemical sensor component and an optical
sensor component would operate in parallel or sequentially for each water sample tested. Data from both sensors could be
merged (fused) to yield a more confident determination of heavy metal content than either alone.

Several studies have demonstrated the benefits of combining electrochemistry with spectroscopy for heavy metal analysis.
Baldo et al. (2020) developed a novel lab-based procedure for trace lead (Pb) analysis in complex matrices (olive oil) that
illustrates the hybrid approach[48][49]. In their method, an electrochemical pre-concentration step was first used to
extract and accumulate Pb?" from the oil sample: the sample was spiked with an ionic liquid electrolyte, and Pb*" was
cathodically deposited onto a platinum working electrode[48]. Next, the deposited lead was stripped (re-oxidized) off the
electrode into a clean aqueous solution. Finally, that solution was analyzed by a sensitive spectroscopic technique (ICP-
MS or graphite furnace AAS) to quantify the lead[50][49]. This coupling of electrochemistry with spectroscopy achieved
excellent results — the electrochemical step effectively separated and concentrated the analyte, making the subsequent
spectroscopic measurement more accurate and matrix-independent. The lead concentrations measured by the hybrid
method agreed within 10% of those obtained by conventional ICP-MS after extensive sample digestion, yet the hybrid
approach eliminated the need for harsh chemical digestion and halved the sample preparation time[51]. While this example
was a laboratory study, it proves the principle that combining an electrochemical step with a spectroscopic measurement
can improve trace detection of metals in difficult samples.

Translating the hybrid concept to a field-portable device is an exciting frontier that this thesis explores. We envision a
portable platform that integrates an electrochemical sensor (for example, a microfabricated electrode array) with a
miniaturized spectroscopic unit (for example, an optical detector or small spectrometer). In practice, such a device could
operate as follows: A water sample from agricultural runoff is introduced into the device’s sample chamber. The
electrochemical module performs an analysis — for instance, an anodic stripping voltammetry scan — to detect heavy metals
that are electroactive (like Pb, Cd, Cu, etc.), producing immediate concentration readouts for those targets. Concurrently,
or subsequently, the device’s optical module analyzes the same sample, perhaps by mixing a reagent and measuring an
optical change to target metals that are not easily measured electrochemically (such as As or total Cr), or to double-check
the electrochemical findings. The optical module could even be as simple as a colorimetric strip reader or as sophisticated
as a Raman probe depending on the metals of interest. The data from both modules are then combined by onboard
software: if both methods detect a certain metal, the readings can be cross-validated for greater confidence; if one method
flags a contaminant the other cannot sense, the system still captures that information. By covering each other’s blind spots
and confirming results via two independent principles, the hybrid sensor aims to enhance reliability and expand the
range of detectable contaminants in field conditions.

Implementing a hybrid electrochemical-spectroscopic sensor involves addressing technical challenges such as
synchronizing the two measurement processes, ensuring the components do not interfere with each other, and keeping the
overall device user-friendly. One approach is to design a microfluidic flow cell where an array of micro-electrodes and an
optical window (or photodetector) are positioned along the flow path. A small microcontroller can control the
electrochemical measurements (applying voltages, recording currents) and also trigger optical measurements (e.g. turning
on an LED and reading a photodiode) in sequence. Advances in microfluidics allow for integrated lab-on-chip systems
that can perform multiple chemical assays automatically on a single small platform[52][53]. For instance, Devadhasan
and Kim (2018) reported a microfluidic device functionalized with different chemical reagents in separate channels,
capable of simultaneously detecting Cr(VI), Hg(Il), and Ni(II) in water by optical means[54]. A similar philosophy could
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be applied to combine electrochemical and optical detection in one chip, dedicating certain regions to each type of assay.
The use of modern fabrication techniques (3D printing, photolithography) and materials (transparent electrodes, optical
fibers, etc.) makes it feasible to construct such an integrated sensor.
The potential benefits of a successful hybrid platform are significant. It could provide a more comprehensive heavy metal
analysis in a single field test — for example, measuring a suite of metals where some readings come from electrochemical
stripping signals and others from colorimetric responses. It could also improve result validation, since an optical
confirmation of an electrochemically-detected lead spike would reduce the chance of false positives (and vice versa). In
challenging samples like agricultural runoff, which may contain interfering substances, having two detection methods
increases the likelihood that at least one will produce a clear signal for a given metal. Moreover, a hybrid device can adapt
to user needs; if one mode is sufficient for a particular application, it could be used alone, but for critical measurements
the two modes in tandem provide extra assurance.
In summary, integrating electrochemical and spectroscopic techniques is a promising strategy to enhance field detection
of heavy metals. This thesis proposes and investigates such a hybrid platform for real-time monitoring of agricultural
runoff. The design, rationale, and hypothetical performance of the system are discussed in later chapters, with an emphasis
on how the dual-mode sensing and complementary strengths can meet the requirements of on-site environmental analysis.
Cloud Connectivity and Data Analytics in Heavy Metal Sensing
Another transformative aspect of modern sensor systems is the incorporation of connectivity and cloud-based data
analytics. Cloud integration means that data acquired by the sensor can be transmitted (via wireless networks) to an
online server or cloud platform in real time. This capability is highly relevant for environmental monitoring of agricultural
runoff, where multiple sensors might be deployed across a region and a centralized system is needed to collect and analyze
the data streams. By integrating our proposed sensor platform with wireless communication modules (such as cellular,
Wi-Fi, or LPWAN transmitters), we enable several important advantages:
¢ Real-time remote monitoring: Data from the field can be viewed instantly from anywhere. For example, a farmer or
environmental officer could receive live updates on heavy metal levels on their smartphone or computer without physically
being at the sensor site. Kumar and Mahabhaleshwara (2024) demonstrated an IoT-based heavy metal monitoring system
for irrigation water that used a NodeMCU microcontroller to send readings from a sensor (a screen-printed electrode) to
a cloud dashboard (Blynk app)[55]. Their system could display the current metal concentration and even trigger alerts (via
buzzer or smartphone notification) when unsafe levels were detected[56]. This kind of instant warning is invaluable for
preventing crop damage or human exposure — for instance, farmers can be alerted to stop using a contaminated water
source before harm is done.
e Data logging and mapping: Cloud storage allows continuous logging of sensor data over long periods. Trends and
patterns can be analyzed to understand how heavy metal concentrations vary with time (daily cycles, seasonal changes,
responses to specific agricultural practices, etc.). Moreover, if sensors at multiple sites feed into the cloud, a spatial map
of pollution can be created. Geographic Information System (GIS) tools can then visualize heavy metal hotspots in the
agricultural landscape. The system by Srivastava & Sharma (2021) included location-tagged data uploads — each
measurement was automatically associated with GPS coordinates and sent to a cloud database[57][45]. This enabled the
creation of contamination maps and facilitated data sharing with stakeholders. In a broader deployment, such a network
could support early warning systems for downstream communities by predicting when runoff from certain fields might
carry high contamination loads.
e Advanced analytics and machine learning: Perhaps one of the most powerful aspects of cloud-connected sensors is
the ability to apply complex data analytics and machine learning algorithms to the collected data. Individual sensor devices
in the field may have limited computing power, but once the data is on the cloud, it can be processed by robust algorithms
to extract deeper insights. In the context of heavy metal detection, this is exemplified by the work of Lahari et al. (2025),
who utilized a cloud-hosted convolutional neural network (CNN) to interpret the voltammetric signals from their
electrochemical sensor[30]. The CNN model could classify which heavy metals were present and quantify them with
improved accuracy by recognizing patterns in the sensor output that might be hard for a human to decipher[58]. Such Al-
driven analysis can correct for interferences, compensate for sensor drift, and even predict future contamination levels
based on historical data (predictive analytics). In our envisioned platform, cloud analytics could, for example, reconcile
readings from the electrochemical and optical modules, perform automated calibration, and flag anomalies. If a sensor’s
optical channel and electrochemical channel deviate in their readings, the cloud system might identify a potential sensor
fault or unusual interference and prompt a maintenance check. Conversely, consistent readings from both could be
automatically validated with higher confidence.
o Integration with decision support systems: Cloud platforms can be interfaced with decision support or notification
systems. For instance, if a dangerous level of cadmium is detected in runoff, the system could automatically send an
email/text alert to the farm manager and the local environmental agency. It could also log the event in a database for
compliance and follow-up. Over time, accumulated sensor data can inform policy — authorities could identify chronic
problem areas requiring remediation (such as soil treatment or changes in farming practices) and verify the effectiveness
of any interventions by observing the trends in the cloud data.
Implementing cloud connectivity in the portable sensor platform involves hardware and software considerations. On the
hardware side, modules like Wi-Fi chips (e.g. ESP8266 as used by NodeMCU) or cellular IoT modems can be embedded
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in the device to transmit data. These add to power consumption, so efficient power management (battery optimization,
possibly solar recharging in field units) is important[41]. On the software side, a cloud endpoint (server or IoT cloud
service) must be set up to receive and store data, and a user interface (web or mobile app) must be developed to display
results. In our thesis concept, we propose leveraging existing IoT platforms (such as Blynk, ThingSpeak, or custom cloud
databases) to handle data from the sensor nodes. Data encryption and security are also vital since the integrity and privacy
of environmental data (especially if tied to specific farms or regions) should be protected.

In summary, connecting the hybrid sensor platform to the cloud transforms it from a standalone device into part of a smart
environmental monitoring network. This integration enables real-time oversight, large-scale data aggregation, and
sophisticated analysis that greatly enhance the impact and utility of heavy metal sensing. By combining on-the-ground
sensor innovation with cloud-based analytics, the system aligns with the broader trends in precision agriculture and digital
environmental management — often dubbed “Agriculture 4.0” or smart farming[59][60]. The end goal is to provide
stakeholders with actionable information at their fingertips, ensuring safer water for agriculture and communities.
Research Aims and Objectives

Considering the background discussed, the central aim of this Ph.D. research is to develop and characterize a hybrid
electrochemical-spectroscopic platform for real-time detection of heavy metals in agricultural runoff, integrated
with portable sensors and cloud-based analytics. This aim addresses the identified gaps in existing solutions by combining
multiple sensing modalities with modern data connectivity to achieve high-performance field monitoring. The specific
objectives of the research are:

e Objective 1: Sensor Design and Development — Design a portable sensing device that integrates an electrochemical
heavy metal sensor and an optical (spectroscopic) sensor into a single platform. This includes selecting suitable electrode
materials and optical detection reagents, microcontroller and hardware integration, and development of a microfluidic
sample handling system. Key performance targets include detection of key heavy metal ions (e.g. Pb*", Cd**, Cu?**, Hg?",
As*") at or below regulatory threshold levels (in the ppb range)[18][61], with rapid response time (minutes or less) and
field robustness.

e Objective 2: Hybrid Detection Strategy — Develop methods to operate the electrochemical and optical sensors in a
complementary manner. This involves creating a measurement protocol where both sensors can analyze the same sample
either in parallel or sequence, and data fusion algorithms to combine their outputs. The goal is to improve detection
reliability — for example, use optical confirmation to reduce false positives/negatives from electrochemical readings — and
broaden the detectable spectrum of heavy metal contaminants beyond what each method could do alone[48][51].

e Objective 3: Cloud-Based Data Analytics — Implement an IoT communication module within the platform to
transmit sensor data to a cloud server in real time. Develop a cloud analytics pipeline that logs data, performs calibration
and drift correction, and applies machine learning models for pattern recognition in the sensor signals[30]. This will also
include creating a user-friendly dashboard that visualizes current and historical heavy metal levels, and can issue alerts
when concentrations exceed safe limits.

e Objective 4: Evaluation of Performance — Evaluate the developed platform under both laboratory conditions and
simulated field conditions (hypothetical or literature-based, as the thesis may be largely literature-focused). Key metrics
to assess include sensitivity, limit of detection, selectivity (ability to distinguish target metals in presence of others),
response time, and stability of the sensor over time. The device’s performance will be benchmarked against standard
laboratory analysis using data from literature and any available case studies. For instance, we will compare expected
readings of the device to reported heavy metal concentrations in runoff samples from various studies, to validate that the
platform could reliably detect those levels if deployed.

e Objective 5: Case Study and Scenario Analysis — Using literature data and hypothetical scenarios, demonstrate how
the hybrid sensor platform could be deployed for real-time monitoring in a practical agricultural runoff situation. This
may involve creating a case study of a farm with known heavy metal runoff issues (e.g. due to past usage of phosphate
fertilizers containing cadmium) and illustrating how a network of our sensors, combined with cloud analytics, would track
the contamination and inform mitigation measures. This objective ties together all components to showcase the potential
impact of the proposed system on environmental monitoring and decision-making.

Through these objectives, the thesis will cover the conception, design, theoretical development, and hypothetical
application of the hybrid electrochemical-spectroscopic sensing platform. Even if the results are largely hypothetical or
based on literature (as actual field deployment may be beyond the scope of the doctoral research timeline), the work will
provide a comprehensive feasibility study and blueprint for future development of such systems.

Thesis Organization

This dissertation is structured into several chapters, each addressing different aspects of the research:

e Chapter 1: Introduction — /Current chapter] Provides an overview of the research problem and motivation, covering
background on heavy metal pollution in agricultural runoff, the need for improved monitoring, and the proposed solution
approach. It outlines the objectives and scope of the thesis.

e Chapter 2: Literature Review — Reviews existing knowledge and recent advancements relevant to the study. This
includes detailed discussions on heavy metal occurrence in agricultural environments, traditional analytical methods vs.
sensor technologies, electrochemical sensor designs for heavy metals[20],[26], optical and spectroscopic detection
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methods[34][62], and prior art in combining multiple sensing techniques. The literature review establishes the context and
novelty of the proposed research by identifying gaps that the hybrid platform will fill.

e Chapter 3: Methodology — Describes the design and methodological framework for the research. It details the
conceptual design of the hybrid sensor platform, including the selection of materials (electrode composition, optical
reagents), device architecture (flow cells, electronic components), and the integration strategy for electrochemical and
optical modules. It also explains the approach to data handling and cloud connectivity (hardware and software
implementation). If the research is hypothetical/literature-based, this chapter will present the theoretical basis, models, or
simulations used to predict device performance (for example, using established formulas for electrode reactions and Beer-
Lambert law for optical absorbance). The chapter also outlines the evaluation plan — how performance metrics will be
obtained or estimated, and what comparisons will be made to literature benchmarks.

e Chapter 4: Results — Presents the results of the study. In a practical scenario, this would include experimental data
from sensor characterization (calibration curves for each metal, interference studies, etc.) and any prototype testing
outcomes. In our hypothetical/literature-based context, this chapter will compile results derived from simulations or from
applying the proposed sensor concept to existing datasets. For example, it may show how the sensor would respond to
known concentrations of metals (using theoretical calculations or data from literature on similar sensors) and how the
hybrid approach improves the detection confidence. It could also demonstrate the output of the cloud analytics, such as
examples of the dashboard, or the performance of a machine learning model in classifying sensor signals into the correct
heavy metal categories (possibly using public datasets of sensor responses). Tables and graphs will be used to illustrate
the key findings, such as expected detection limits, accuracy, and improvements over single-mode sensors.

e Chapter S: Discussion — Interprets the results in light of the research objectives and discusses the implications. This
chapter examines to what extent the hybrid platform meets the envisioned goals. It might discuss the strengths of the
approach (e.g. achieving multi-metal detection with high sensitivity in real-time) as well as the challenges encountered.
The discussion will compare the hypothetical performance of the platform to existing technologies reported in literature:
for instance, how does the anticipated LOD of our device compare to those of state-of-the-art portable electrochemical or
optical sensors individually? Are there scenarios where the hybrid system particularly excels (or conversely, where it has
limitations)? We also critically discuss practical considerations such as power requirements in the field, maintenance and
calibration needs, potential cost of the device, and user training. Any discrepancies between the expected performance
and literature examples will be analyzed to understand causes (e.g. if our design struggles with one metal due to
interference, what design modifications could address that?).

e Chapter 6: Conclusion and Future Work — Summarizes the research contributions and key conclusions of the thesis.
It reiterates how the hybrid electrochemical-spectroscopic platform, combined with cloud-based analytics, can advance
the real-time monitoring of heavy metals in agricultural runoff. This chapter will confirm whether the initial research
questions and objectives were satisfied, based on the findings from the discussion. It also outlines the original contributions
of this work to the field of environmental sensor technology. Finally, it provides recommendations for future work,
acknowledging that this research is a stepping stone. Future work might include building and field-testing a prototype of
the proposed system, optimizing the sensor chemistry for even lower detection limits, extending the platform to other
types of pollutants (like pesticides), or integrating solar power for autonomous deployment. The aim is to give a clear
direction for how subsequent researchers or practitioners could carry the idea forward and eventually turn the hypothetical
platform into a deployed reality.

Throughout this thesis, emphasis is placed on referencing contemporary, peer-reviewed research to ensure the arguments
and designs are grounded in the latest scientific understanding. Over 80 recent references (primarily from 2018-2025) are
cited to provide a robust academic foundation for the work, covering both the environmental science aspects and the
technological innovations. By combining insights from these sources with new interdisciplinary thinking, the thesis
endeavors to contribute meaningfully to efforts in safeguarding water quality in agricultural landscapes through innovation
in sensor technology and data analytics.

In conclusion, the Introduction has set the stage by highlighting the heavy metal pollution problem and proposing a
holistic solution approach. The following chapters will delve into each facet in detail, ultimately demonstrating how a
hybrid sensing platform integrated with cloud analytics can be a game-changer for real-time environmental monitoring
and protection of public health and agriculture.
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